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Executive Summary 
 
An assessment of the tools available to decision makers responsible for managing allowable 
concentrations of metals in aquatic environments was conducted. The emphasis was on 
surface waters in the Okanagan Valley of BC, Canada and Washington, US.  The assessment 
was framed around four primary goals, which included an evaluation of the validity of 
hardness corrected values, the Biotic Ligand Model (BLM), the Visual MINTEQ model 
(VMINTEQ), and a preliminary understanding of what site-specific qualities made one 
model a better predictor of toxicity than another.   
 Surface water samples were collected in 2006 and 2007 from the mainstem of the 
Columbia River and eight tributaries of the river during three sampling periods.  Field and 
laboratory analyses of the water quality characteristics were conducted on the water samples 
along with acute toxicity tests with Daphnia magna.   The final set of water samples 
collected were also spiked with Cu or Zn and the LC50s determined with D. magna.  
Hardness corrections from the US EPA, Washington Department of Ecology (WDOE), and 
BC Ministry of Environment (BC MOE) were calculated using measured Ca and Mg 
concentrations and compared to the D. magna LC50s.  Measured water quality was then used 
as inputs for the BLM and VMINTEQ using different BLM Parameter files, and predictions 
of Zn and Cu toxicity were calculated.  The BLM was also used to determine a Criterion 
Maximum Concentration (CMC) for Cu. The model predictions were compared to the          
D. magna LC50s.   Finally, a Principal Component Analysis (PCA) using water quality 
measurements as the variables was conducted to provide a method to group sample sites.   
The grouped sites were compared to deviation ratios of modeled and observed toxicity, 
which allowed for recommendations on which models would provide accurate assessments 
  
x
of sample toxicity and what models should be used for samples with certain water quality 
characteristics.   
 The collected water samples were not acutely toxic to D. magna, with the exception 
of the Lower Topping site in July and in August, 2006 where the 48 hour LC50 was 67.3% 
and 9.3% of the water sample, respectively.  All of the Zn hardness corrected values were 
protective of D. magna in all sites where ambient toxicity was measured and where the 
sample was spiked with Zn.  For Cu, the BC MOE, WDOE, and EPA hardness corrected 
values were protective in 80% of the water samples where ambient toxicity was measured 
and where the sample was spiked with Cu.  The BLM CMC calculation was protective in 
90% of those samples.   The hardness corrected values and BLM CMC, therefore, were over-
protective in the majority of the samples.  The information provided here will allow decision 
makers to assess which hardness corrections produce values that are protective enough, but 
not too protective, based on their management objectives. 
 The conclusion from the BLM and VMINTEQ model predictions are that no single 
model will accurately predict metal toxicity in all water types.    A comparison of the PCA 
site groupings with the model accuracy, however, supports that there are water quality 
characteristics that can be used to determine when one model will work better than another.  
The results of this analysis are included so that decision makers can determine what models 
will provide the required level of predictive ability based on their needs.  Further validation 
of the results presented here should be conducted with a larger dataset. 
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Introduction  
 
The mining of precious ores and related activities can alter the environment through the 
release of heavy metals into the atmosphere and aquatic systems, production of acid mine 
drainage, and physical alteration of natural habitats (EPA, 2000).  The extent of the impacts 
can be significant.  The United States (US) Environmental Protection Agency (EPA), for 
example, estimated that some form of mining pollution affects 40 percent of the watersheds 
in the Western United States (Energy and Mineral Resources Subcommittee, 2005).  
Additionally, in British Columbia (BC), it was estimated that there are more than 60 mines 
with the potential to significantly impact the surrounding environment with metals from acid 
mine drainage (MWLA, 2002).  
In mining-impacted aquatic systems, the release of the metals is of particular interest 
from a toxicological perspective.  The extent of toxic effects to organisms exposed to metals 
depends on several factors such as the route of exposure, the specific organism exposed, and 
the concentration, type, and speciation of metal released.  Rand et al. (1995) defines chemical 
speciation as the existence or formation of various chemical complexes related to a central 
element (i.e. the metal of concern).  
Chemical speciation of dissolved metals in a water sample is partially dependent upon 
the concentrations of other dissolved constituents or ligands, such as sulfate, chloride, 
carbonate, and dissolved organic carbon (DOC), which can complex with the dissolved 
metals. As a result, metal speciation can vary with site-specific conditions. Analytically, 
however, it is typically not possible to directly measure metal speciation in an environmental 
sample.  Measured concentrations of any specific metal, therefore, are often reported as the 
total dissolved concentration, where the metal species are summed together.   
  
2 
The importance of metal speciation on bioavailability and subsequent toxicity has 
been extensively investigated.  For many metals it has been established that the free metal ion 
(M+ or M2+) is the toxic species, which is described by the free ion activity model (FIAM) for 
aquatic systems (Andrews et al., 1977; Dodge and Theis, 1979; Allen et al., 1980; Borgmann, 
1983).  The body of research on metal toxicity has also led to an understanding of the 
mechanism through which some dissolved metals cause acute toxicity in freshwater systems.  
The free-ion of certain metals interferes with aquatic organisms’ abilities to uptake and 
regulate essential nutrients such as sodium and calcium.  This occurs when the toxic metal 
species binds to a biotic ligand on the gill surface of fish or a similar ligand in other 
organisms, resulting in conditions such as hyponatremia or hypocalcemia and ultimately in 
the observed mortality (Wood et al., 1997; Di Toro et al., 2001; Paquin et al., 2002).  
Other research has shown that an increase in water hardness (specifically, Ca and Mg 
ions) will decrease metal toxicity of certain metals (i.e. it takes more dissolved metal to result 
in toxicity when the hardness is greater).  Mechanistically, this observed decrease in toxicity 
has been determined to be competition between the toxic metal species and the Ca and Mg 
ions for the biotic ligand binding sites (Allen et al., 1980; Allen and Hansen, 1996; Di Toro 
et al., 2001; Allen, 2002; Peijnenburg and Vijver, 2007).  Hardness, therefore, is an example 
of a site-specific environmental condition that can alter metal toxicity. 
Given the following: 1) quantifying the concentration of a toxic metal species (i.e. the 
free ion concentration in many cases) is required to assess its potential for toxicity; 2) it often 
cannot be directly measured with current analytical instruments; and 3) site-specific 
conditions can alter the concentration and bioavailability of the toxic metal species, then no 
single regulatory standard will provide an adequate level of protection in all environmental 
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conditions.  Hence, the ability to establish guidelines and regulate acceptable metal 
concentrations allowed in the aquatic environment is challenging.  It is important, therefore, 
that regulators have the necessary tools to assess when metal toxicity may occur given site-
specific water quality characteristics, such as differing hardness or DOC concentrations. 
Until recently, one of the best tools available was hardness corrections, which are 
empirically derived relationships between hardness and metal toxicity of several metals.  The 
US EPA and the Canadian Council of Ministers of the Environment (CCME) use hardness 
corrections to adjust for site-specific conditions and to determine allowable metal levels.  In 
the US, these allowable levels are the Water Quality Criteria (WQC) and in British 
Columbia, they are the Water Quality Guidelines (WQG).  Hardness corrections are available 
for seven metals in the WQC (Ag, Cd, Cu, Cr(III), Ni, Pb, and Zn) and in the BC WQG (Ag, 
Cd, Cu, Mn, Ni, Pb, and Zn) (Niyogi and Wood, 2004; EPA, 2006; BCWSD, 2006).  
Recently, the Biotic Ligand Model (BLM) (HydroQual, Inc., NJ) was developed as a 
tool to predict metal toxicity.  It enables the user to calculate metal speciation and predict its 
toxicity given site-specific water quality characteristics beyond hardness alone (Allen, 1996; 
Di Toro et al., 2001; De Schamphelaere and Janssen, 2002; HydroQual, 2005; Martin and 
Goldblatt, 2007).     
 
The Biotic Ligand Model (BLM) 
The BLM is a thermodynamic computer model that incorporates the mechanistic 
understanding of acute metal toxicity into a predictive chemical equilibrium model.  The 
basic premise of the model is that metal-biotic ligand interactions can be modeled in a similar 
fashion as any other metal-inorganic or metal-organic ligand interaction using stability 
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constants (K).  When the concentration of the metal at the biotic ligand reaches a fixed 
critical level of accumulation, mortality will occur.  The critical level of accumulation is 
organism and metal specific, and has been identified as the critical f value or the LA50.  The 
critical f value (unitless) is the fraction of metal bound biotic ligand sites associated with the 
toxicity endpoint (e.g. 50% mortality in a population) (Gustafsson, 2006).  Similarly, the 
LA50 is the median lethal accumulation, or the concentration of metal at the gill surface 
(nmol metal/gill wet weight) that results in the toxicity endpoint (Di Toro el al., 2001).  The 
model, therefore, can be used to predict the total concentration of dissolved metal in a water 
sample that will result in enough metal at the biotic ligand to cause mortality to aquatic 
organisms, which can be used to develop WQC or WQG.  The site-specific nature of the 
water sample is accounted for using the measured temperature, pH, DOC, major cations (Ca, 
Mg, Na, K), major anions (SO42- and Cl-), and alkalinity concentrations as input parameters 
in the model (HydroQual, 2005; Peijnenburg and Vijver, 2007).  The BLM Parameters used 
in both the BLM and the Visual MINTEQ (VMINTEQ) model (described below) include the 
stability constants (K) for the metal-biotic ligand complexes, the critical f value, and the 
biotic ligand site density.  In the BLM, these parameters were derived by Di Toro et al. 
(2001) (Table 1).  
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1
 BLM Parameters available in the BLM and VMINTEQ for Cu and Zn from Di Toro et al. 
(2001) 
2
 BLM Parameters available in VMINTEQ for Cu from De Schamphelaere and Janssen 
(2002) 
3
 BLM Parameters available in VMINTEQ for Zn from Heijerick et al. (2002) 
 
 
Two recently updated versions of the BLM are available.  The BLM v2.1.2 (i.e. the 
“research version”) can model four different metals with five different organisms (Table 2).  
In addition to being able to predict toxicity (prediction mode), this version can also be 
operated in a speciation mode.  In this mode, the metal speciation is calculated for the water 
sample without consideration of the toxicity.  The second version (BLM v2.2.1) has been 
adopted by the EPA for use in the Aquatic Life Ambient Freshwater Quality Criteria for Cu 
(EPA, 2007).  This version is limited compared to the “research version” in that it will 
calculate the instantaneous WQC in prediction mode for only one metal (i.e. Cu) and cannot 
be run in speciation mode.  
 
Table 1.  BLM Parameters used in BLM and VMINTEQ models for site-specific Cu and Zn 
toxicity assessments.  BL = biotic ligand. 
Copper Stability Constants (log K)  Zinc Stability Constants (log K) 
Metal: 
Ligand 
Complexes 
Di Toro 
BLM 
Parameter1  
De 
Schamphelaere 
BLM 
Parameter2   
Metal: 
Ligand 
Complexes 
Di Toro 
BLM 
Parameter 1  
Heijerick 
BLM 
Parameter3               
BL – H 5.4 5.4  BL  –  H 6.6 ─ 
BL – Na 3.0 3.19  BL  –  Na 2.9 2.37 
BL – Ca 3.6 3.47  BL  –  Ca 3.8 3.34 
BL – Mg 3.6 3.58  BL  –  Mg 3.6 3.12 
BL – Cu 7.4 8.02  BL  –  Zn 5.5 5.31 
BL – CuOH  - 1.28 - 0.18  BL –  ZnOH - 3.84 ─ 
BL  –  CuCO3 ─ 13.78     
Critical ƒ 
value 
 
 
0.0023 
 
 
0.47 
  
Critical ƒ 
value 
 
 
0.3327 
 
 
0.417 
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Table 2.  Metal and organism options in the BLM v2.1.2 (research 
version). X indicates that the model has been developed.  NA = not 
available. 
Organism Cu  Ag Cd Zn 
Fathead Minnow X X X X 
Rainbow Trout NA X X X 
Daphnia magna X X NA X 
Daphnia pulex X NA NA NA 
Ceriodaphnia dubia X X X NA 
 
 
A number of studies have been conducted that validate the applicability of the BLM 
in predicting site-specific metal toxicity in the field or with field amended samples, although 
the emphasis has been on the Cu and Zn models (e.g. Santore et al. 2001; Heijerick et al. 
2002; and references therein).  The BLM’s ability to incorporate more environmental 
parameters, as well as address chemical and biological interactions over a wide range of 
water quality conditions make it a more attractive tool than the previous hardness corrected 
criteria when considering site–specific conditions. Currently Canada is considering the 
incorporation of the BLM into their water quality guidelines (Paquin et al., 2002; Shaw, 
2008). 
 
VMINTEQ 
VMINTEQ v2.53 (Gustafsson, 2007) is another chemical equilibrium computer model that 
can calculate the concentrations and mass distribution of dissolved, adsorbed, solid, and gas 
chemical species in natural aquatic systems.  VMINTEQ solves the chemical equilibrium 
problem in much the same way that the BLM solves its problems using stability constants 
(K) for determining the speciation of dissolved metal components (Allison, 1991).  An 
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additional feature relevant to metals-contaminated aquatic systems is the ability to include 
surface complexation (sorption) reactions between the metal and sorbents, such as Fe or Mn 
hydroxyoxides (HFO and HMO, respectively).  Surface complexation reactions decrease the 
total dissolved metal concentration, which decreases the concentration of the toxic species 
(Peijnenburg and Vijver, 2007). 
VMINTEQ v2.53 can also be used to predict metal toxicity to certain aquatic 
organisms.  One of the main differences from the BLM is that VMINTEQ includes more 
independently determined options in its database for the BLM Parameters, including stability 
constants (K), and critical f values (Table 1).  The options in VMINTEQ relevant to the BLM 
Parameters for Cu include the Di Toro BLM Parameter files and the De Schamphelaere 
BLM Parameter files (Di Toro et al., 2001; De Schamphelaere and Janssen, 2002).  The 
options relevant to Zn include the Di Toro BLM Parameter files and the Heijerick BLM 
Parameter files (Di Toro et al., 2001; Heijerick et al., 2002).  
The toxicity prediction tool of VMINTEQ is a relatively new addition to the 
modeling program and as a result, few published toxicological studies have used this model 
to predict metal toxicity with the BLM Parameter files.  According to Langmuir et al. 
(2003), VMINTEQ and MINTEQA  (the original Fortran program) have primarily been 
utilized as geochemical models without direct calculations of toxicity and are currently 
widely used by federal and state regulatory decision-makers or in site–specific ecological 
risk assessments.  
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Washington 
Figure 1:  Mining sites in British Columbia (from MWLA, 2002) and Washington 
(from McClure and Schneider, 2001) 
This Study: Site Background and Research Goals 
The Okanagan (or Okanogan using the US spelling) Highlands are a physiographic province 
in southern British Columbia and northeastern Washington that is dissected by the Columbia 
River (START-2002; Archibald and Greenwood, 2005).  The area is known as a rich source 
of mineral deposits.  For example, by 1989 the Okanagan Highlands had produced 2.5 
million ounces of gold and 14 million ounces of silver (Lasmanis, 1991).  As a result, mining 
exploration and activities, both past and current, dot the landscape from southern BC through 
northeastern Washington (START-2, 2003) (Figure 1).   
   
 
 
 
 
 
 
 
 
The high density of mining sites and mining related activities in this region have 
resulted in both historic and recent releases of metals to the tributaries and mainstem of the 
Columbia River.  Mining and milling operations along the tributaries of the Columbia River 
have also produced waste materials containing As, Cd, Cu, Pb, Hg, and Zn.  For example, in 
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northeast Washington, intermittent mining in Stevens County has significantly contributed to 
environmental degradation of both land and water resources.  In a preliminary assessment 
and inspection report by the EPA, of 39 mines located in Stevens County, five of the mines 
were identified as having hazardous substances that are threatening potential targets (i.e. 
humans, and aquatic and terrestrial organisms). Smelters and related operations, such as the 
former Le Roi/Northport smelter in Northport, Washington, and the Teck smelter (formerly 
Teck Cominco Metals, Ltd.) in Trail, BC Canada have also been sources of metal pollution, 
including As, Cd, Cu, Pb, Hg, and Zn, to the river and its tributaries (START-2, 2003).  
Current and future sources of metals to the aquatic environment in the Upper Columbia River 
of the Okanagan Highlands, therefore, may include accidental releases from facilities such as 
Teck (e.g. the releases described by START-2 (2003) and WDOE (2008)), the re-suspension 
of slag deposits in the river from past disposal practices, releases from other improperly 
disposed of or treated mining waste, and releases from abandoned mines (START-2, 2003). 
The Columbia River, which flows south from BC into Washington, contributes 
approximately 90% of the flow into Franklin D. Roosevelt Lake (Lake Roosevelt), a 
reservoir in Washington that was formed behind the Grand Coulee Dam.  Lake Roosevelt 
extends from the dam north to within 24 km of the US-Canada border.  Contamination from 
mining sources upstream of the reservoir, including the Columbia River, have been identified 
as a significant source of Zn, Pb and Cd that has been detected in the sediments of Lake 
Roosevelt (Paulson et al., 2006).  This contamination has been the recent focus of several 
transboundary lawsuits filed by plaintiffs in the US against Teck (Zhang, 2007).  Although 
the current issues in Lake Roosevelt primarily deal with the metals contamination in 
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sediment and fish rather than in the water, the issues associated with cross-border transport of 
pollutants are likely to receive further attention in the future.   
As a result of the metals released in the Upper Columbia River, extensive field 
studies have been conducted to assess the type and extent of contamination by both Canadian 
and US agencies.  Significant studies, however, have not been conducted as a joint effort 
with samples collected from both sides of the international border, at the same time, and with 
the same methods (e.g. Routh and Ikramuddin, 1996; Era and Serdar, 2001; Golder and 
Associates, 2003; START-2, 2003; Paulson et al., 2006; Johnson et al., 2005; and references 
therein).   
The study area of this project was the Upper Columbia River and its tributaries from 
Castlegar, BC Canada to the northern end of Lake Roosevelt, Washington, US.  The primary 
goal of this research was to assess the applicability and accuracy of the BLM and VMINTEQ 
predictions of metal toxicity in surface waters using samples collected in the field during 
three flow regimes.  Given the recent adoption of the BLM for Cu in the US, the on-going 
consideration of using the BLM in Canada, and the potential for adoption of the BLM for 
other metals in the future, the need for continued assessment and validation of the models 
with local field-collected samples is clear.  The inclusion of the second model, VMINTEQ, 
will provide regional policy makers and regulators with an understanding of the potential 
advantages and limitations of this new tool for assessing site-specific metal toxicity. 
The research framework used to achieve this primary goal is detailed below and with a 
flowchart (Figure 2) identifying these same steps: 
1. To address whether the more complicated BLM and VMINTEQ models are 
necessary, given the hardness corrections currently in use, an assessment was 
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conducted to determine what level of protection the WDOE, US EPA or the BC 
Ministry of Environment (MOE) hardness corrections would provide from acute 
metal toxicity exposures to a common aquatic test organism, Daphnia magna.    
2. To assess whether the BLM is accurate in its toxicity predictions for this particular 
surface water system, the model outputs were compared to actual observed toxicity 
test data obtained using D. magna exposed to Cu and Zn spiked field collected 
waters.  The BLM calculated Criterion Maximum Concentration (CMC), which is a 
type of WQC used in the US, was also calculated and compared to the hardness 
corrections in Step 1. 
3. To assess whether the BLM predictions can be improved, the BLM predictions were 
compared with VMINTEQ predictions by using: 
a. Different models (BLM vs. VMINTEQ) with the same BLM Parameter files (i.e. 
Di Toro et al, 2001). 
b. Different BLM Parameter files in VMINTEQ:  
(1) Di Toro et al. (2001) vs. De Schamphelaere and Janssen (2002) for Cu. 
(2) Di Toro et al. (2001) vs. Heijerick et al. (2002) for Zn. 
c.  Surface complexation reactions in VMINTEQ (HFO or HFO and HMO). 
4. To aid in the decision-making processes, water quality characteristics were assessed 
to determine which might be contributing to the significant differences in the 
predicted and/or observed toxicities. 
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Step 1: How protective are water 
hardness corrections to D. 
magna during acute exposures to 
Cu or Zn? 
Step 2: Does the BLM 
accurately (within a factor 
of 2 or 3) predict Cu or 
Zn toxicity to D. magna? 
VMINTEQ 
Dissolved 
components only 
VMINTEQ 
HFO 
surface 
complexation 
reactions 
VMINTEQ 
HFO and HMO 
surface 
complexation 
reactions 
Step 3a: Does VMINTEQ accurately 
(within a factor of 2 or 3) predict Cu 
or Zn toxicity to D. magna with Di 
Toro BLM Parameter files? 
Can VMINTEQ accuracy be 
improved by changing: 
 
BLM Parameter 
files? (Step 3b) 
Model inputs? 
(Step 3c) 
De 
Schamphelaere 
BLM Parameter 
files 
Heijerick BLM 
Parameter files 
Figure 2. Flowchart of modeling considerations and factors in this research. 
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Methods 
 
Peer-reviewed, standardized methods were used in conducting the field and laboratory 
sampling, data collections, and analyses in this study to ensure data quality and validity of 
the results.  A summary of the methods is provided below, however, a detailed description is 
available in Bollinger (2008). 
 
Sample Site Selection 
 
Surface water samples were collected from sites in the Upper Columbia River and tributaries 
of the River in the areas located around Trail, BC and Northport, Washington (Figure 3).  In 
identifying sites to sample, several previous studies of the Columbia River and its tributaries 
were reviewed and evaluated (i.e. Routh and Ikramuddin, 1996; Golder and Associates, 
2003; Cantox Environmental, 2003; START–2, 2003; Klohn Crippen, 2003; Klohn Crippen, 
2004; Ryan, 2005).  Using measured metals concentrations reported in these studies, 
sampling sites were chosen to represent a range of contamination conditions.  Topping Creek 
(also called Stoney Creek) is an example of a selected site that represents a highly 
contaminated environment.  In 8 of 13 months between July 2001 and July 2002, this site had 
total Cu levels that exceeded the CCME’s 1999 Maximum Criteria Guidelines for the 
Protection of Aquatic Life (Golder and Associates, 2003).  This maximum value is set to 
protect all forms of freshwater aquatic life and all aspects of their aquatic life-cycles (CCME, 
2003).  During the same period, this site also had total Zn levels that exceeded the CCME’s 
guidelines by 5 to 280 times the maximum screening criteria in all 13 months.   The 
tributaries of the Upper Columbia River were also ranked in this study based on their 
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potential for fish habitat/use and the number of exceedances for metals of concern, with the 
highest number being the biggest concern.  The study ranked Topping Creek as number 1, 
Trail Creek as number 3, Hanna Creek as number 7, and Beaver Creek as number 10 out of a 
possible 19 (Golder and Associates, 2003).  Finally, consideration was also given to sites 
based on their location relative to known sources of metal contamination (i.e. abandoned 
mines, tailing piles, active smeltering operations, etc.).  For example, Onion Creek and Deep 
Creek both have abandoned mines located in their respective watersheds with exposed 
bedrock or waste-piles that have contributed metals to the aquatic environment (Routh and 
Ikramuddin, 1996; START-2, 2003).  
 Ultimately, 17 sampling sites were chosen.  Three of the sites were on the mainstem 
of the Columbia River on both sides of the US-Canada border (i.e. the Upper Columbia, Fort 
Sheppard and Boundary).  The remainder of the sites were on eight tributaries of the 
mainstem, and included China Creek, Hanna Creek, Topping Creek, Sheep Creek, Trail 
Creek, Beaver Creek, Onion Creek, and Deep Creek.  Four of those tributaries (Beaver, 
Topping, Deep and Onion) had both an upstream (i.e. upper) and downstream (i.e. lower) 
sample site.  Throughout the rest of this document, sites will be referred to by these site 
locations (e.g. L. Topping is the lower site nearer the confluence with the mainstem on 
Topping Creek).  Only the Columbia River and one of the tributaries, Sheep Creek, flows 
across the US-Canada border.  Sheep Creek, therefore, had an upper, lower and an 
intermediate site that was near the border (i.e. B. Sheep).  In total, seven sites were sampled 
in Washington and ten sites in BC (Figure 3).  Further information about the sampling sites is 
available in Bollinger (2008).  
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Figure 3.  Map of sampling sites (i.e. 1 = the upper site on the Columbia River). Other sites on the 
Columbia River were labeled by close proximity to landmarks or towns (e.g. Boundary Columbia 
is located next to the town of Boundary, WA.). China Creek, Hanna Creek, and Trail Creek had  
only one sampling site).   Underlined sites are on the mainstem of the Columbia River.  Italicized 
sites are in Washington. 
1 – Upper Columbia 6 – Trail   10 – Lower Beaver  14 – Upper Deep 
2 – China   7 – Upper Topping 11 – Fort Sheppard Columbia 15 – Upper Onion 
3 – Lower Hanna  8 – Upper Sheep  12 – Boundary Columbia  16 – Lower Onion 
5 – Lower Topping 9 – Upper Beaver  13 – Lower Deep   17 – Lower Sheep 
          19 – Border Sheep 
 
 
Study area 
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Figure 4. Hydrograph for 2006–2007 in a representative tributary to the Columbia River.  Data from 
the real-time hydrometric station (08NE039) in Big Sheep Creek (Environment Canada, 2007).   
Dates indicate sampling times for this study.   
Using previous flow data from the area (Masse and Lynn, 2003; Westcott et al., 
2004), sampling times were scheduled to roughly coincide with low flow (August, 2006), 
medium flow (July, 2006), and a spring high flow flush condition (March, 2007) in the 
tributaries (Figure 4).  Since the discharge of the Columbia River is controlled by a number 
of dams, the flow in the mainstem does not necessarily follow a seasonal pattern.  During the 
sampling times, flow for the Columbia River was 3905 m3/s , 3085 m3/s, and 2255 m3/s in 
July, August, and March, respectively (USGS, 2006; USGS, 2007).  In August, three of the 
sampling creeks were completely dry.  Additionally, during this sampling period, the BC 
MOE issued low stream flow advisories and information bulletins stating that many of the 
rivers in the province were reaching 50 to 100–year record low flow levels (BC MOE, 2006). 
 
0
10
20
30
40
50
60
70
80
A
v
er
ag
e 
D
ai
ly
 
D
is
ch
ar
ge
 
(m
3 /s
ec
)
Big Sheep Creek 2006-2007
July 15, 2006
August 29, 2006
March 22, 2007
 
  
17 
Sample Collection and In Situ Physical/Chemical Measurements 
Surface water samples for alkalinity, Cl-, SO42-, metals and DOC analysis, and toxicity tests 
were collected in Nalgene sample bottles using standard collection techniques.  Water 
samples collected for total metal analysis were preserved with Fisher® Trace Metal Grade 
nitric acid to pH < 2 on-site.  Water samples for analyzing dissolved metal concentrations 
were filtered on-site with a 0.45 µm Millex MCE disposable, sterile syringe filter and then 
preserved with Fisher® Trace Metal Grade nitric acid to pH < 2.  Surface water collections 
for alkalinity, Cl-, and SO42- analysis, and acute toxicity tests included two unaltered 1 L and 
one 5 L (March only) grab samples.  Samples for DOC analysis, were filtered using sterile 
Whatman GD/X syringe filters (0.45 µm polyethersulfone filtration media) into 40 mL pre-
cleaned, acid washed clear glass sample bottles provided by Amtest Laboratories (Redmond, 
WA).  All water samples were stored on ice in coolers (maximum of 2 days) until returned to 
the laboratory where they were stored at 4°C in a refrigerator.  
Field measurements included temperature (°C), dissolved oxygen (percent saturation 
and mg/L), conductivity (µS), and salinity (ppt) measured with a YSI 85 meter, pH measured 
with an Oakton® pH Testr 2, and redox (mV) measured with an Oakton® ORP Testr Double 
Junction meter.  All measurements were taken in situ in flowing water at each sample site.   
 
Laboratory Methods: Chemical Analysis 
All chemicals were obtained from Fisher® Scientific, Inc. (Houston, TX) and were at least 
ACS Reagent Grade.  All acids used for the digestion of the August and March water 
samples were Trace Metal Grade, whereas in the July samples, ACS Reagent Grade acids 
were used.  To determine any potential metal contamination from the acid additions to the 
July samples, deionized distilled water (ddH2O) method blanks were also analyzed.  The 
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results indicated some low level metal contamination from the acid, therefore the July data 
were corrected using the method blank metal concentrations.   
The unfiltered (for total recoverable metals analysis) and filtered (for dissolved 
metals analysis) acidified surface water samples were digested in the laboratory using EPA 
Method 3005A (EPA, 1992).  Metal concentrations in these samples from July and August 
were analyzed at the Colorado School of Mines (Golden, CO) with a Perkin – Elmer Optima 
3000 Inductively Coupled Plasma–Atomic Emission Spectrometer (ICP–AES).  Standard 
operating procedures, which included the use of an internal standard and calibration control 
check standards, were used.  Each of these standards was within acceptable limits of 10% 
and  20% relative standard deviation (RSD), respectively, during all sample runs.  Three 
instrument replicates for each sample were analyzed, and samples with an RSD > 15% were 
excluded from the dataset.  Acid digested water samples for March were sent to AmTest 
Laboratories (Redmond, WA) for metals analysis with an ICP using EPA Method 200.7.  
Two acid digested ddH2O method blanks were also analyzed for quality control.  
The DOC concentrations in all water samples were analyzed by Amtest Laboratories 
(Redmond, WA) using EPA Method 415.1 (EPA, 1999), with detection limits of 0.2 mg/L 
for July and August samples, and 0.5 mg/L for the March samples.  Trip blanks supplied by 
Amtest Laboratories (Redmond, WA) and filter blanks of ddH2O were analyzed for quality 
control.  
Alkalinity was measured on unaltered water samples (i.e. no acid added and not 
filtered) according to EPA Method 310.1 (EPA, 1978a).  Chloride concentrations were 
measured using EPA Method 9253 (EPA, 1994) for the unaltered samples collected in July.  
Unaltered water samples collected in August and March were analyzed using a reverse 
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titration method by means of CHEMetrics Inc. (Calverton, VA) Hand–Held Titration Cells 
for Chloride.  This technique is modeled after APHA Standard Methods, ASTM Test 
Method, and EPA Methods (EPA, 1983; APHA, 1998; ASTM, 1999).  Sulfate concentrations 
were measured on unaltered water samples following EPA Method 375.4 (EPA, 1978b) with 
a Spectronic™ GENESYS 20 spectrophotometer.   
 
Laboratory Methods: Acute Toxicity Tests 
All toxicity test protocols that were used followed the EPA’s standard Whole Effluent 
Toxicity Test (WET) methods (EPA, 2002).  Due to logistical problems (i.e. travel time 
between the sampling sites and the laboratory) the start of the toxicity tests were delayed 
anywhere from three to five days after sample collection.  In the interim, samples were stored 
in accordance with the EPA’s protocols to ensure sample integrity and viability. 
The 48 hour acute D. magna toxicity tests were performed in disposable (single use) 
50 ml polystyrene cup test chambers using five different sample concentrations diluted with 
moderately hard  synthetic water (EPA, 2002) with four replicates per test concentration.  
The D. magna neonates (< 24 hours old) were obtained from Aquatic BioSystems (Fort 
Collins, CO).  All water samples were at room temperature before adding the D. magna.  
Five D. magna were randomly added to each test chamber, which were then placed in a 
Percival Scientific growth chamber regulated at 25°C with 16 hours of light and 8 hours of 
dark.  Exposures were for 48 hours, with mortality counts (i.e. no movement noted with 
gentle tapping on the side of the cup) and water quality measurements (i.e. temperature, pH, 
dissolved oxygen and conductivity) taken at 24 and 48 hour intervals.  Negative controls 
were 100% moderately hard synthetic water and had ten D. magna neonates per replicate 
with four replicates.  Test acceptability criteria included > 90% survival in the negative 
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control, temperature maintained within  1°C, dissolved oxygen concentrations > 4 mg/L, pH 
between 6.0 and 9.0, and partial mortalities at two or more concentrations in the positive 
control using Cu or Zn in moderately hard synthetic water as a reference toxicant. The Cu 
LC50s in the positive controls ranged from 0.016 to 0.022 mg/L.  Other researchers have 
observed D. magna Cu LC50s in similar water conditions of ~0.012 mg/L (INAP, 2002) to 
0.025 mg/L (Villavicencio et al. 2005).  The Zn LC50s in the positive controls ranged from 
0.59 to 0.95 mg/L.  Other researchers have observed D. magna Zn LC50s in similar water 
conditions of, 0.798 mg/L, 0.82 mg/L (95% CI 0.713 – 0.883), and 0.525 mg/L (95% CI 
0.447 – 0.620) (Attar and Maly 1982; Shaw et al. 2006; EPA 2009, respectively). 
All of the toxicity tests conducted with the July water samples used serial dilutions of 
the site water (i.e. 100%, 50%, 25%, 12.5% and 6.25% site water).  For the August and 
March samples, a screening-level, single concentration toxicity test was first conducted on all 
samples using only 100% site water within three days of collection.  If toxic conditions 
existed at that single test concentration (i.e. mortality > 20% in the 100% site water after 48 
hours), a multiple concentration test with serial dilutions was immediately conducted as 
described above.  All of these toxicity tests using unaltered sample water were designed to 
determine the ambient toxicity of the surface water samples, and are hereafter referred to as 
“ambient” samples. 
In addition to the single concentration exposures and multi-concentration toxicity 
tests with ambient samples, the March water samples (100% stream water) for the U. Sheep, 
B. Sheep, L. Sheep, U. Topping, L. Hanna, Trail, L. Beaver, L. Deep and L. Onion sites were 
spiked with Zn (as ZnCl2) or Cu (as CuSO4 · 5H2O) to assess how water quality affects 
known toxicological response.  These spiked samples were made approximately eight hours 
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prior to organism exposure. To obtain a dilution series for multiple concentration tests, the 
spiked site water sample was diluted with unaltered site water to keep all other constituents, 
except Zn or Cu, in the water sample constant.  These tests are hereafter referred to as 
“spiked” samples and concentrations are nominal. 
Final exposure concentrations in the spiked tests were calculated by adding the ICP 
measurements for dissolved Cu and Zn (i.e. background concentration) in the respective  
ambient water sample to the Cu and Zn concentrations added as spikes.  Probit and Trimmed 
Spearman–Karber statistical analyses were conducted using ToxCalc v5.0 software (Tidepool 
Scientific, McKinnleyville, CA) to determine the D. magna LC50.  The decision as to which 
statistical method to use was based on the distribution of the mortality data and the number of 
partial mortalities, and followed the EPA (2002) recommended decision tree.  
 
Modeling and Statistical Methods 
The data collected from both the field and laboratory was used as inputs in the BLM v2.1.2 
(prediction mode) and VMINTEQ v2.53 models to predict the toxicity of the sample to D. 
magna.  The input parameters for each site included the field-measured temperature and pH, 
as well as the laboratory measured SO42-, alkalinity, Cl-, DOC, and dissolved metal 
concentrations.  The dissolved metal concentrations used as inputs for the BLM included 
only Ca, Na, Mg, and K, whereas, the inputs for the VMINTEQ models included all metals 
measured in the samples.  For VMINTEQ, HFO and HMO were calculated based on the total 
recoverable and dissolved metal concentrations using equations 1 and 2 as follows:  
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where HFO FW = 177.7 g/mol and HMO FW = 119 g/mol. 
 
 
 
Table 3 shows how each of the models were set up in VMINTEQ.  None of the database 
components were modified (e.g. stability constant values were unchanged and species 
complexes were not added or deleted).   
The predicted toxicities (LC50) from the BLM and VMINTEQ were graphed against 
the observed acute toxicities (i.e. the LC50 from spiked and ambient D. magna toxicity tests) 
for both Cu and Zn.  Any agreements within a factor of 2 were considered to be quite good 
validations of the model’s predictions (Santore et al., 2001). 
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Table 3. VMINTEQ model conditions used in this study. 
1De Schamphelaere and Janssen (2002) 
2Di Toro et al. (2001) 
3Heijerick et al. (2002) 
 
 
 
Patterns and subsequent groupings of the sites, using the measured water quality as 
variables, were explored by ordination with Principal Component analysis (PCA), a post-hoc 
multivariate statistical test.  The site groupings were then used to help explain the deviation 
of model predictions from observed toxicity.  The software program, R v2.8.1, was used for 
statistical analyses (R Development Core Team, 2008). A decision was made a priori to 
eliminate variables from the dataset that had over 35% of the values as below detection limits 
(BDL).  For example, because of the high number of BDLs with the DOC data, this variable 
was removed from the PCA analysis.  Variables that were dependent on other outside 
parameters were also removed from the dataset.  For example, temperatures varied from 
season to season but remained relatively consistent within the same season.  When a variable 
was included in the dataset, if a value was BDL, it was assigned a value equal to the 
detection limit.  For toxicity test results, if the LC50 was greater than 100% (i.e. no toxicity in 
Labels What was included What was not 
included 
BLM Parameters 
used for Cu 
BLM  
Parameters 
used for Zn 
HFO and 
HMO  
HMO ad HFO surface 
complexation 
reactions, and all 
dissolved components 
▬▬▬▬▬▬ 
De Schamphelaere1  
--------------------------------- 
Di Toro2 
Heijerick3  
-------------------------- 
Di Toro2 
HFO  
HFO surface 
complexation 
reactions, and all 
dissolved components  
HMO surface 
complexation 
reaction 
De Schamphelaere1  
--------------------------------- 
Di Toro2 
Heijerick3  
-------------------------- 
Di Toro2 
Dissolved 
All dissolved 
components 
HMO and HFO 
surface 
complexation 
reactions 
De Schamphelaere1  
--------------------------------- 
Di Toro2 
Heijerick3  
-------------------------- 
Di Toro2 
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the undiluted sample), then a value 104 times the highest LC50 was assigned as the elevated 
LC50 to that site for that sampling period.  Prior to conducting the PCA, the variables were 
standardized as described by Diaz (1989). 
Two PCA analyses were conducted using all tributary sites sampled in March and L. 
Topping in July and August (16 sites or units total) using 14 measured characteristics or 
variables.  The first analysis included the observed Cu LC50 (from both the spiked and 
ambient tests) as one of the fourteen variables.  The second analysis replaced the observed 
Cu LC50s with the observed Zn LC50s (from both the spiked and ambient tests) as one of the 
fourteen variables.  All other variables in the two analyses were from the ambient water 
conditions and included pH, alkalinity, SO42-, HFO, HMO and dissolved metal 
concentrations (Ca, Na, Mg, K, Fe, Ba, Si, and Zn).  The principal component loadings were 
investigated to identify what water quality measures influenced the PCA groupings, and 
therefore, the ability of the models to predict observed toxicity accurately.  From the PCA, 
the Kaiser criterion (Kaiser, 1960) was used, with principal components retained only if the 
eigenvalues were greater than 1.  The components were also rotated with varimax and 
oblimin rotations.  A variable with a component loading greater than 0.3 was considered a 
defining variable of that component (Harlow, 2005). 
Deviation ratios were calculated to show how much each of the predicted model 
toxicities deviated from the observed Cu and Zn toxicities using the following parameters 
and equations (eq. 3 and 4): 
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If model under-predicted toxicity (Predicted LC50 > Observed LC50):  
( ) 3./ 5050 eqLCObservedLCredictedPRatioDeviation −=  
If model over-predicted toxicity (Predicted LC50< Observed LC50): 
4./ 5050 eqLCredictedPLCObservedRatioDeviation =  
 
 
 
The ambient and spiked toxicity data results were then compared to the dissolved metal 
hardness corrected EPA Criterion Maximum Concentration (CMC), the hardness corrected 
BC Maximum Freshwater Aquatic Life WQG, the hardness corrected Water Quality 
Standards (WQS) for Surface Waters of the State of Washington, and the BLM calculated 
CMC (EPA, 2006; BC MOE, 2006; WDOE, 2006, HydroQual, 2005).   
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Results and Discussion 
 
This research was designed as a methodical assessment of the tools available to decision 
makers responsible for managing allowable concentrations of metals in aquatic 
environments. The emphasis was on surface waters in the Okanagan Valley of BC, Canada 
and Washington, US. The assessment was framed around four primary goals, which included 
an evaluation of the validity of hardness corrected values, the BLM, the VMINTEQ model, 
and an understanding of what site-specific qualities made one model a better predictor of 
toxicity than another.  It should be noted that the hardness corrections and the BLM CMC are 
not meant to predict toxicity of metals to D. magna, but are meant to provide an allowable 
metal concentration that is protective of the majority of species potentially present in that 
environment.   
A general summary of the water quality, the toxicity of ambient samples, and the 
toxicity of spiked samples is presented. Further data related to the water quality can be found 
in Bollinger (2008).  The PCA results, which aid in the evaluation of what site-specific 
qualities make one model a better predictor of toxicity, are then described.  Finally, the 
results of the modeling are presented and discussed with respect to the four primary goals 
described above and in the Introduction of this report (Figure 2).  The Cu results and 
discussion are presented separate from the Zn results and discussion.  Throughout this 
section, site names in Washington State are italicized. 
 
Water Quality Characteristics 
Alkalinity ranged from 50.58 - 74.70 mg/L as CaCO3 (averaged 63.38 mg/ as CaCO3) in the 
Columbia River throughout all three sampling times (Table 4). Upper Deep, L. Deep and L. 
Onion had high alkalinity. China, U. Topping and L. Topping had low alkalinity (Table 5). 
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Chloride ranged from 1.6 - 2.3 mg/L in the Columbia River throughout all three 
sampling times (Table 4). Chloride ranged from 1.7 - 4.7 mg/L at all other sites throughout 
all three sampling times except for L. Beaver (6.5 mg/L in July and August), B. Sheep (6.8 
mg/L in July) and L. Topping (10.0 mg/L in August). The Trail sampling site’s Cl- remained 
high throughout all three sampling times (Table 5).  
Sulfate concentrations ranged from 7.81 - 11.72 mg/L in the Columbia River 
throughout all three sampling times (Table 4). Sulfate concentrations at all other sites 
averaged (over the three sampling times) from 7.93 to 19.73 mg/L, except for Trail (averaged 
53.74 mg/L), Sheep Creek (averaged 33.24 mg/L) and Onion Creek (averaged 53.01 mg/L; 
Table 5). 
 
 
Table 4. Water quality characteristics measured in Columbia River samples. Italicized sites 
are in Washington State. 
Sites pH 
Alkalinity        
(mg/L as CaCO3) 
Cl- 
(mg/L) 
SO42-
(mg/L) 
DOC 
(mg/L) 
U. Columbia July 8.2 57.30 1.9 8.69 4.3 
U. Columbia August 8.2 60.30 2.0 9.26 1.0 
U. Columbia March 8.6 67.26 2.0 11.17 <0.5 
Fort Sheppard July 8.2 64.98 1.6 9.66 4.7 
Fort Sheppard August  8.2 60.30 2.0 9.11 1.5 
Fort Sheppard March 8.8 69.41 2.0 11.72 <0.5 
Boundary July 8.2 74.70 2.3 7.81 3.5 
Boundary August 8.2 65.59 2.0 7.83 1.5 
Boundary March 8.9 50.58 2.0 8.30 <0.5 
Columbia River Average 8.39 63.38 2.0 9.28 2.0 
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Table 5. Water quality characteristics measured in samples taken from the tributaries of the Columbia River. Bold texts are averages 
for the creek. Italicized sites are in Washington State. 
Sites pH 
Alkalinity       
(mg/L as 
CaCO3) 
Cl- 
(mg/L) 
SO42-
(mg/L) 
DOC 
(mg/L)   Sites pH 
Alkalinity       
(mg/L as 
CaCO3) 
Cl-  
(mg/L) 
SO42- 
(mg/L) 
DOC 
(mg/L) 
China July 7.6 17.91 1.7 8.89 6.6  U. Sheep July 7.7 45.02 1.8 58.19 2.0 
China March 8.0 10.22 2.0 5.89 1.5  U. Sheep August 7.5 47.60 2.0 96.35 0.2 
China Creek 7.80 14.07 1.9 7.39 4.1  U. Sheep March 8.3 33.90 2.0 71.03 <0.5 
       B. Sheep July 7.7 99.51 6.8 15.51 3.7 
L. Hanna July 7.7 22.00 3.3 10.53 4.7  B. Sheep August 7.3 138.58 2.9 15.30 1.8 
L. Hanna August 7.4 47.60 2.0 31.31 10.0  B. Sheep March 8.5 74.26 5.9 18.99 <0.5 
L. Hanna March 8.3 15.07 3.6 17.37 1.1  L. Sheep July 8.3 79.82 2.6 7.04 3.5 
Hanna Creek 7.80 28.22 3.0 19.73 5.3  L. Sheep August 8.4 106.84 2.0 8.81 1.5 
       L. Sheep March 8.9 58.11 2.4 7.89 <0.5 
U. Topping July 7.3 14.84 2.0 7.04 4.9  Sheep Creek 8.06 75.96 3.2 33.24 1.6 
U. Topping August 7.3 20.10 2.0 6.68 2.6        
U. Topping March 8.0 12.38 2.0 5.10 1.5  U. Deep July 8.2 225.12 2.0 11.63 5.3 
L. Topping July 7.6 20.95 3.5 17.17 6.5  U. Deep August 8.4 228.49 2.0 15.64 2.0 
L. Topping August 6.0 3.17 10.0 117.50 2.6  U. Deep March 8.9 140.98 2.0 10.89 <0.5 
L. Topping March 8.2 17.22 6.0 16.68 <0.5  L. Deep July 8.5 241.50 1.9 12.90 6.1 
Topping Creek 7.40 14.78 4.3 28.36 3.1  L. Deep August 8.6 214.74 2.0 18.98 1.3 
       L. Deep March 9.1 138.82 2.0 15.03 <0.5 
Trail July 7.8 85.90 11.6 53.05 5.2  Deep Creek 8.62 198.28 2.0 14.18 2.6 
Trail August 7.5 92.03 12.0 76.67 1.5        
Trail March 8.5 47.35 7.5 31.49 <0.5  U. Onion July 8.1 103.35 1.9 35.42 17.0 
Trail Creek 7.93 75.09 10.4 53.74 2.4  U. Onion August 8.2 151.27 2.0 104.25 1.5 
       U. Onion March 8.6 62.42 2.0 38.81 8.9 
U. Beaver July 7.5 81.86 4.7 8.48 4.5  L. Onion August 8.6 276.73 2.0 54.66 3.9 
U. Beaver August 7.4 99.44 4.5 11.24 4.4  L. Onion March 9.0 132.37 2.0 31.92 <0.5 
U. Beaver March 8.3 52.73 3.8 5.62 <0.5  Onion Creek 8.50 145.23 2.0 53.01 6.4 
L. Beaver July 8.6 107.89 6.5 13.95 5.6        
L. Beaver August 8.5 122.71 6.5 17.79 2.0        
L. Beaver March 8.6 61.88 3.1 8.30 <0.5        
Beaver Creek 8.15 87.75 4.9 10.90 2.9        
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Dissolved organic carbon ranged from <0.5 - 4.7 mg/L in the Columbia River 
throughout all three sampling times (Table 4).  Lower Hanna (10.0 mg/L in August) and U. 
Onion (17.0 mg/L in July) were the only tributary sites to have DOC levels ≥ 10 mg/L; all 
other tributary sites had DOC levels below 7 mg/L (Table 5).  
The pH levels throughout all sites, including the Columbia River, ranged from 8.2 - 
8.9.  The pH in the tributaries ranged from 7.3 – 9.0, except for L. Topping in August where 
the pH was 6.0 (Table 5).  
Based on other studies, streams such as Trail and Onion Creek previously had metal 
concentrations that could have resulted in a toxic effect (Routh & Ikramuddin, 1996; Golder 
and Associates, 2003), but had little to no acute toxic effect to D. magna during this study.  It 
was expected that the August samples would have the highest metal concentrations measured 
during this study.  This was generally the case for metals such as B, Cd, Cu, and Zn.  
However, Fe decreased in the majority of the August samples compared to June and March.  
The metals concentrations were most commonly 1.5 to 3 times greater in August compared 
to the other sampling times, but increases up to 200 times occurred for Mn. Of particular 
interest is L. Topping, which had 28 and 118 times less dissolved Cd in July and March 
compared to August, and 31 and 157 times less dissolved Zn in July and March compared to 
August (Appendix A, Table A-1).  
 
Observed Toxicity of Ambient Samples 
Only two samples exhibited acute toxicity in ambient samples: L. Topping in July and in 
August. The 48 hour LC50s for these two samples were 67.4% (95% CI: 60.0% to 74.2%) and 
9.3% (95% CI: 8.0% to 10.5%), respectively.  In all the other sites, the highest mortality was 
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less than 20% of the ambient sample concentration in July, less than 10% of the ambient 
sample concentration in August, and less than 20% of the ambient sample concentration in 
March.   
The two metals that appear to be responsible for the acute toxicity seen in L. Topping 
(July and August) were Cd and Zn.  The EPA ECOTOX (EPA, 2008) database reports the Cd 
LC50 for D. magna at approximately 0.04 mg/L (Lewis and Horning, 1991) and Zn LC50 at 
approximately 1.75 mg/L (Pittinger et al., 1992) for studies conducted in similar alkalinity 
and hardness to those found in the study area. Lower Topping’s dissolved Cd concentrations 
were 0.0085 mg/L (July) and 0.24 mg/L (August), and dissolved Zn concentrations were 0.50 
mg/L (July) and 15.57 mg/L (August).   
The primary conclusion that can be drawn based upon the toxicity tests conducted 
with ambient samples is that acute exposure to water fractions of contaminants from these 
sites does not result in significant mortality to D. magna during these sampling times, except 
for in the Lower Topping sampling site where toxicity was significant in August and July, 
2006.  No statements can be made about the toxicity of these ambient water samples to other 
organisms, with respect to chronic exposures, or about sediment toxicity, as these were not 
investigated in this study.  
 
 
 
 
 
 
` 
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Observed Toxicity of Spiked Samples 
The spiked Cu LC50s ranged from 0.0063 mg/L to 0.1128 mg/L. The toxicity of the Cu 
spiked samples ranked from most toxic to least toxic as U. Sheep > U. Topping and L. Hanna 
> Trail and L. Beaver > B. Sheep and L. Sheep ≥ L. Deep = L. Onion (Figure 5). 
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Figure 5. Observed Cu LC50 in spiked samples. Bars are the 95% CI.  Letters represent sites 
with similar or different toxicities based on overlap of bars.   
 
 
 
 
 
The spiked Zn toxicities ranged from 0.188 mg/L to 0.848 mg/L. The toxicity of the Zn 
spiked samples ranked from most toxic to least toxic based on the LC50  was: U. Topping and 
L. Hanna ≥ L. Sheep and U. Sheep and L. Beaver and B. Sheep and L. Deep ≥ Trail and L. 
Onion (Figure 6).  
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Figure 6.  Observed Zn LC50 in spiked samples. Bars are the 95% CI.  Letters represent sites 
with similar or different toxicities based on overlap of bars.   
 
 
 
 
Copper Results and Discussion 
Model results of predicted Cu toxicity are presented for the nine spiked samples and the 
sample with ambient toxicity and measurable copper (i.e. L. Topping in August).  Although 
L. Topping also had toxicity in the ambient sample in July, Cu was below detection, 
indicating that the toxicity in this sample was not caused by Cu (Appendix A, Table A-1).   
 
Copper Principal Component Analysis 
For the PCA with Cu LC50 as one of the 14 variables, the variance explained by the first three 
principal components was PC I = 55.65%, PC II = 22.54%, and PC III = 13.12%, for a 
cumulative variance of 91.31% described by these components.   There were five distinct 
groups with boundaries subjectively drawn for the first two principal component axes (Figure 
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7 and Table C-1, Appendix B).  To determine the contribution of each water quality variable 
to the principal components, loadings were calculated from the first three components. The 
unrotated and rotated loadings were compared and it was determined that the unrotated 
loadings best fit current knowledge of metal toxicity and, therefore, were most reliably 
interpretable. High loadings of the competing cations (Ca, Mg, Na, and K) are on PC I.  
Although Ba is not considered a protective cation, it also had a high loading on this axis.  
Interestingly, Zn had a high loading in this axis also.  Although Zn is a toxic metal, it is 
possible that at concentrations where Zn is not acutely toxic, Ca and Na cations are slightly 
out-competed by the Zn at the Ca2+ transport site.  The Ca2+ and Na+  may then bind to a 
greater extent to the Na+ transport site (i.e. the BL that Cu binds), resulting in less Cu 
toxicity.  At low concentrations, therefore, Zn may act indirectly as a protective cation of 
acute Cu toxicity.  High loadings of sorbents (HFO, HMO, and Si) and ligands (CO3 from 
alkalinity) were on PC II.  Although the H+ from lower pH can be a protective cation, at 
higher pH the OH- can be a ligand and DOC can be deprotonated providing more sites for 
sorption (Di Toro et al., 2001). The high loading of pH on a principal component with other 
ligands and sorbents (i.e. PC II) as opposed to with protective cations (i.e. PC I)  indicates 
that the complexation and deprotonation functions of pH are what explains the variance in 
the sites on PC II.  PC III has high loadings of Cu LC50 .  Other variables have high loadings 
on this axis (i.e. alkalinity, Ca, Si and Fe).  These variables were identified as complex 
variables (Harlow, 2005) and retained, but not further interpreted.  The loading plot is 
included as Figure B-1 (Appendix B). 
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Table 6. Groupings from PCA of observed Cu toxicity. Unless noted otherwise, all sites are 
from the March (2007) sampling time.  Italicized site names are in Washington State. 
Group 1 Group 2 Group 3 Group 5 
L. Topping 
(August)** 
U. Topping 
L. Hanna 
L. Topping (July)** 
China* 
U. Beaver* 
L. Topping* 
U. Sheep 
Group 4 
B. Sheep 
L. Sheep 
Trail 
L. Beaver 
L. Deep 
L. Onion 
U. Deep* 
U. Onion* 
* ambient sites (no spiked toxicity testing done) 
** sites where toxicity existed in the ambient water conditions 
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Comparison of Observed Toxicity to Hardness Corrected Values for Cu (Step 1 of Figure 2) 
The goal of this step was to assess the level of protection currently offered by hardness 
corrected values for Cu toxicity.  The EPA, WDOE, and BC MOE hardness corrected values 
were compared to the observed ambient and spiked toxicities and to the BLM Instantaneous 
Water Quality Criteria (CMC) for Cu (Figure 8).  To simplify the discussion, a hardness 
corrected value less than the observed LC50 to D. magna is identified as protective in this 
report.  This determination of level of protection, therefore, does not account for effects on 
other organisms or chronic toxicity, which would be considered by the respective regulatory 
agencies when applying these hardness corrected values.   
Of the ten sites modeled for Cu, eight had observed toxicity that exceeded all 
hardness corrected values (Figure 8).  The hardness correction alone, therefore, was 
protective 80% of the time.  In these eight sites, the WDOE corrections were consistently the 
least protective, with Trail being over-protected by a factor of 2.1 up to a factor of 5.7 in L 
Onion.  Although a goal of the hardness corrected values is to protect aquatic organisms, it 
can be as undesirable to be too protective, as this has real economic costs to point source 
dischargers and for regulatory decisions, such as those related to remediation clean-up 
standards.   The BC MOE hardness corrections are up to 8.7 times too protective in these 
eight sites and the EPA corrections are up to 7.6 times too protective (in L. Onion and U. 
Topping, respectively).  In two sites, L. Topping in August and U. Sheep, the WDOE, EPA, 
and BC MOE hardness corrected values exceeded the observed LC50.  In these two cases, 
since the hardness corrected values identified a higher concentration of Cu that would be 
protective than what was actually observed to be toxic, the hardness corrected values would 
result in > 50% mortality to exposed D. magna  and would not be protective.  The CMC 
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calculated with the BLM, which considers all of the site-specific qualities used by the model 
(e.g. hardness, DOC, and pH), is lower than all of the hardness corrected values in eight of 
ten modeled sites.  Furthermore, the BLM calculated CMC is less than the observed toxicity 
in nine of the sites and includes U. Sheep.  As discussed above, none of the hardness only 
corrections would be protective of U. Sheep, but the BLM calculated CMC of 3.88 µg/L 
would be protective of D. magna where the LC50 = 6.28 µg/L (Figure 8).  Lower Topping in 
August is the one site where the BLM calculated CMC would not be protective with an LC50  
of 0.71 µg/L (95% CI: 0.5 - 0.91 µg/L) and a BLM calculated CMC of 0.91 µg/L  (Figure 8).   
To summarize, the BLM calculated CMC would be more protective than hardness 
corrections alone in all of these samples.  In one case (U. Sheep) the BLM calculated CMC is 
the only value that is protective when compared to observed toxicity.  In eight samples, all 
hardness corrections, including the BLM calculated CMC would be protective when 
compared to the observed toxicity.  In the final sample (L. Topping) none of the hardness 
corrections, including the BLM calculated CMC, would be protective. 
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Figure 8. Comparison of hardness corrected EPA and WDOE CMCs, and BC MOE Maximum Freshwater Aquatic Life WCG for Cu 
to observed ambient and spiked Cu LC50s. BLM CMC also included for comparison.  Error bars represent the 95% CI for the observed 
Cu LC50. * = ambient sample with toxicity. 
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BLM Predictions for Cu (Step 2 of Figure 2) 
To assess whether the BLM is accurate in its toxicity predictions for the Upper Columbia 
River and its tributaries, the model outputs were compared with actual observed toxicity to 
D. magna exposed to Cu spiked field collected site waters and to a site with ambient toxicity.  
The criteria for a good model fit was predicted toxicity that was within a factor of 2 of the 
observed toxicity, which is the criteria used by the BLM developers (i.e. Santore et al., 
2001).  Since so few models met the factor of 2 criteria, models within a factor of 3 of the 
observed toxicity are also identified.   
Using the factor of 2 criteria, the BLM was a good predictor of toxicity in 20% of the 
samples investigated in this study (Figure 9).  The two sites with predictions that could be 
considered a good fit were L. Hanna and U. Sheep, both in BC.  Of the remaining samples, 
five were within a factor of 3 of the observed toxicity.  These five included two, Trail and L. 
Beaver, that were a factor of 2.1 of the observed toxicity.  Three samples (L. Deep, L. Onion, 
and L. Topping in August) had predictions that were more than 3 times different from the 
observed toxicity.  All of the samples from Washington had predicted LC50 values that were 
less than the observed LC50, meaning the BLM over-predicted the toxicity for these samples.   
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Figure 9. BLM predicted toxicity for Cu compared with observed toxicity to D. magna.  Solid symbols = ambient sample; Open 
symbols = Cu spiked samples; □ = samples from Washington; ∆ = samples from BC.  Center line (solid) indicates perfect agreement 
between predicted and observed toxicity. 
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VMINTEQ Predictions with Di Toro BLM Parameters for Cu (Step 3a of Figure 2) 
A comparison of the predictions from VMINTEQ with Di Toro BLM Parameters to observed 
toxicity is presented to support whether the more complex VMINTEQ model increases the 
accuracy of the model predictions.  Since the Di Toro BLM Parameters in VMINTEQ are the 
same as in the BLM, differences in model predictions would likely be a result of the 
additional site-specific parameters included in the VMINTEQ model as opposed to stability 
constants specific to the biotic ligand or critical f values. 
As with the BLM, 20% of the predictions were within a factor of 2 of the observed 
toxicity (Figure 10).    These two sites were U. Sheep and L. Beaver.  Only two additional 
sites were included in the factor of 3.  The remaining six sites were different by more than a 
factor of 3.  Based on these results, the VMINTEQ model for Cu is not a better predictor of 
D. magna acute toxicity in these surface waters.  As with the BLM, all of the Washington 
sites had predicted LC50s less than the observed LC50, and therefore predicted greater toxicity 
than was observed.  In the VMINTEQ model, however, five of the remaining six samples 
were also over-predicted.  This over-prediction of toxicity in 90% of the samples may be of 
interest in that use of this model may result in overly stringent regulatory levels of Cu.   
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Figure 10. VMINTEQ (with Di Toro BLM Parameters) predicted toxicity for Cu compared with observed toxicity to D. magna.  
Solid symbols = ambient sample; Open symbols = Cu spiked samples; □ = samples from Washington; ∆ = samples from BC.  Center 
line (solid) indicates perfect agreement between predicted and observed toxicity. 
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VMINTEQ Predictions with De Schamphelaere BLM Parameters for Cu (Step 3b of Fig. 2) 
The accuracy of the VMINTEQ model was also assessed with the De Schamphelaere BLM 
Parameters (Figure 11).  The result of this modeling scenario was that 50% of the samples 
were within a factor of 2 of the observed toxicity.  An additional site was included by 
increasing the criteria for accuracy to within a factor of 3.   The differences between the 
predictions of this model compared to the BLM or the VMINTEQ with Di Toro BLM 
Parameters are likely to result from both the differences in stability constants, and critical f 
values that the De Schamphelaere BLM Parameters use and the additional components and 
subsequent complexes that can be modeled with the more complex VMINTEQ model. 
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Figure 11. VMINTEQ (with De Schamphelaere BLM Parameters) predicted toxicity for Cu compared with observed toxicity to D. 
magna.  Solid symbols = ambient sample; Open symbols = Cu spiked samples; □ = samples from Washington; ∆ = samples from BC.  
Center line (solid) indicates perfect agreement between predicted and observed toxicity.
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VMINTEQ Predictions with Surface Complexation Reactions for Cu (Step 3c of Figure 2) 
Using HFO and HMO as sorbents or HFO as the only sorbent, the VMINTEQ model with Di 
Toro BLM Parameters had the same samples within a factor of 2 or 3 as with the Di Toro 
BLM Parameters without surface complexation reactions.  The VMINTEQ model with De 
Schamphelaere BLM Parameters also had the same samples within a factor of 2 or 3 as with 
the De Schamphelaere BLM Parameters without surface complexation reactions.  More 
information is available about the results of these surface complexation reactions in Bollinger 
(2008), but for the purposes of this report the inclusion of surface complexation reactions to 
HFO or HFO and HMO did not improve the accuracy of the model predictions for Cu in 
these samples. 
 
Water Characteristics Affecting Model Accuracy (Step 4) 
An assessment of the deviation ratios combined with the PCA Cu groupings (Table 6) 
provides insight into which site-specific water quality characteristics may affect the accuracy 
of one model over the other since these variables contribute to the groupings of the sites.  The 
deviation ratios, which show to what extent a model over- or under- predicts the observed 
toxicity, are included as Figure 12.   A deviation ratio of 1 or -1 would be a perfect 
prediction.  The deviation ratios are grouped according to PCA Cu Groups and modeling 
scenario.  Deviation ratios for the VMINTEQ models with surface complexation reactions 
are in Bollinger (2008). 
With PCA Cu Group 1, which consisted of only one sample (L. Topping in August), 
none of the models were within a factor of 3.  With PCA Cu Group 2, which consisted of U. 
Topping and L. Hanna, the BLM was the only model that predicted toxicity in both samples 
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within a factor of 3.  PCA Group 3 consisting of only U. Sheep, was always under-predicted 
by the three models.  Both the BLM and the VMINTEQ model with Di Toro BLM 
Parameters predicted toxicity within a factor of 2 for this group.  In Cu Group 4, which 
consisted of Trail, L. Beaver, L. Sheep, and B. Sheep, the VMINTEQ model with De 
Schamphelaere BLM Parameters always under-predicted toxicity, but was within a factor of 
2 for all samples.  The BLM and VMINTEQ model with Di Toro BLM Parameters always 
over-predicted toxicity, and were within a factor of 2 for none of the samples and for one of 
the samples, respectively.  The PCA Cu group 5, which consisted of L. Onion and L. Deep, 
was always over-predicted for toxicity.  The BLM and VMINTEQ model with Di Toro BLM 
Parameters did not predict toxicity within a factor of 3 for this group, whereas the 
VMINTEQ model with De Schamphelaere BLM Parameters predicted one of the Cu Group 
5 samples within a factor of 2 and both samples within a factor of 3. 
Although there was a limited number of samples with observed toxicity in each PCA 
Cu Group, there are some tentative conclusions that can be made by looking at the 
characteristics that these samples shared.  The following summary of water quality 
characteristics is based on the PCA Cu groupings of all sites, including the unspiked samples 
(Table 6) and is summarized in Figure A-1 (Appendix A).  The VMINTEQ model with De 
Schamphelaere BLM Parameters is the best model to use when water samples have similar 
characteristics as PCA Cu Group 4 and 5.  All of the modeled sites in these PCA Cu Groups 
had the highest pH measurements (8.5 to 9.1), the greatest alkalinity measurements (47 to 74 
and 132 to 139 mg/L as CaCO3 for group 4 and 5, respectively), and the lowest DOC 
concentrations with <0.5 mg/L at all sites except U. Onion, which had the highest DOC of all 
samples (8.9 mg/L).  The BLM would be best for water samples with characteristics similar 
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to PCA Cu Group 2.  Either the BLM or VMINTEQ model with Di Toro BLM Parameters 
would be best for samples similar to PCA Cu Group 3.  The characteristics that are unique to 
the water samples in Cu Group 2 and 3 is less clear than for Groups 4 and 5, but does include 
pH between 7.6 and 8.5.  These groups also had relatively low alkalinity measurements (10 
to 21 mg/L as CaCO3), with the exceptions of U. Onion and U. Beaver, which were 33 and 
53 mg/L, respectively.  Additionally, PCA Cu Group 2 has relatively low dissolved Mg and 
Ca with hardness ranging from 0.2 to 49 mg/L. Of note, although U. Onion grouped closely 
to PCA Cu Groups 2 and 4 (Figure 7), the hardness of 100 mg/L was much greater than 
Group 2 and the SO42- concentration was much greater at 71 mg/L (compared to 5 – 17 mg/L 
in Group 2 and 8 - 39 mg/L in Group 4).  None of the models would be recommended for 
samples similar to PCA Cu Group 1.  As described previously, this sample is also the only 
one with toxicity in the ambient sample.     
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Figure 12. Deviation ratios (eq. 3 and 4) of predicted and observed toxicity arranged by PCA Cu Groups (Table 6).  Italicized site 
names are from Washington State and the bold site name had toxicity in ambient sample.  Solid (black) line identifies predictions 
within a factor of 2 of observed toxicity and dashed (black) line identifies predictions within a factor of 3 of observed toxicity.  A 
value < -1 indicates that toxicity has been under-predicted and a value > +1 indicates that toxicity has been over-predicted.
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Zinc Results and Discussion 
Model results of predicted Zn toxicity are presented for the nine spiked samples and the two 
samples with ambient toxicity and measurable copper (i.e. L. Topping in August and in July).   
 
Zinc Principal Component Analysis 
The percent of variance explained in the first three principal components with the observed 
Zn LC50s as a variable was PC I = 58.88%, PC II = 21.62%, and PC III = 11.94%, for a 
cumulative variance of 92.94% described by these three components. The PCA using 
observed Zn LC50s as a variable showed four distinct groups with boundaries subjectively 
drawn from the first two principal component axes (Figure 13 and Table 7).  To determine 
the contribution of each water quality variable to the principal components, loadings were 
calculated from the first three components. The unrotated and rotated loadings were 
compared and it was determined that the unrotated loadings best fit current knowledge of 
metal toxicity and, therefore, were most reliably interpretable.  As with the Cu loading plot, 
high loadings of the competing cations are on PC I and high loadings of sorbents and 
complexants are on PC II (Figure B-2 and Table B-2, Appendix B). 
 
Table 7. Groupings from PCA of observed Zn toxicity. Unless noted otherwise, all sites are 
from the March (2007) sampling time.  Italicized site names are in Washington State. 
Group 1 Group 2 Group 3 
L. Topping 
(August)** 
L. Hanna 
U. Topping 
L. Topping (July)** 
China* 
U. Beaver * 
L. Topping* 
U. Sheep 
B. Sheep 
Trail 
L. Beaver 
L. Sheep 
Group 4 
L. Deep 
L. Onion 
U. Deep* 
U. Onion* 
                   * ambient sites (no spiked toxicity testing done) 
                   ** sites where toxicity existed in the ambient water condition 
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Figure 13. Principal components score plot of PC I and PC II for samples using Zn LC50 as one of the variables.  
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Comparison of Observed Toxicity to Hardness Corrected Values for Zn (Step 1 of Figure 2) 
The goal of this step was to assess the level of protection currently offered by hardness 
corrected values for Zn toxicity.  The EPA, WDOE, and BC MOE hardness corrected values 
were compared to the observed ambient and spiked toxicities for Zn (Figure 14).  The BLM 
does not currently calculate a CMC for Zn as it does for Cu, and so that comparison is not 
included.  As with the Cu results and discussion, a hardness corrected value less than the 
observed LC50 to D. magna is identified as protective in this report.  This determination of 
level of protection, therefore, does not account for effects on other organisms or chronic 
toxicity, which would be considered by the respective regulatory agencies when applying 
these hardness corrected values.   
At all eleven sites modeled for Zn, the hardness corrections are lower than the 
observed toxicity and so would be protective of D. magna during acute exposures (Figure 
14).    The Washington DOE and EPA CMCs are generally less protective than the BC 
WQG.  The EPA CMCs would be over-protective by factors ranging from 4.2 in U. Sheep to 
11.4 in U. Topping.  The WDOE CMCs would be over-protective by factors ranging from 
4.3 in U. Sheep to 11.6 in U. Topping.  Finally, the BC WQG would be over-protective by 
factors ranging from 2 in L. Topping in July to 45.3 in L. Sheep.  Lower Beaver and Trail 
would also be over-protected by 34.1 and 39.6 times, respectively.  If the only goal is to 
protect an organism such as D. magna during an acute exposure to Zn, these hardness 
corrected values would be adequate in the samples tested in this study, but as with Cu, the 
cost of regulating Zn concentrations at a level that is too protective should be considered.
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Figure 14. Comparison graph of EPA and WDOE CMCs, and BC MOE Maximum Freshwater Aquatic Life WQG for Zn to observed 
ambient and spiked Zn LC50s. Error bars represent the 95% CI for the observed Zn LC50s. * = ambient samples with toxicity.
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BLM Predictions for Zn (Step 2 of Figure 2) 
To assess whether the BLM is accurate in its toxicity predictions for the Upper Columbia 
River and its tributaries, the model outputs were compared with observed toxicity to D. 
magna exposed to Zn spiked field collected waters and to two sites with ambient toxicity.  As 
with the Cu assessment, the criteria for a good model fit was predicted toxicity that was 
within a factor of 2 of the observed toxicity.  For consistency with the Cu section, models 
within a factor of 3 of the observed toxicity are also identified.   
Using the factor of 2 criteria, the BLM was a good predictor of toxicity in 3 of 11 
(27%) of the samples investigated in this study (Figure 15).   These three sites were B. Sheep, 
Trail, and L. Hanna.  Three of the sites (U. Sheep, L. Beaver, and U. Topping) were within a 
factor of 2.1 and a fourth (L. Topping in August) was within a factor of 2.2.   Of the 
remaining samples, three were within a factor of 3 of the observed toxicity.  Eight sites 
(73%), therefore, were within a factor of 3.  In all cases, the BLM predicted an LC50 greater 
than the observed LC50, meaning that this model always under-predicted toxicity.    
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Figure 15. BLM predicted toxicity for Zn compared with observed toxicity to D. magna.  Solid symbols = ambient sample; Open 
symbols = Cu spiked samples; □ = samples from Washington; ∆ = samples from BC.  Center line (solid) indicates perfect agreement 
between predicted and observed toxicity.
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VMINTEQ Predictions with Di Toro BLM Parameters for Zn (Step 3a of Figure 2) 
A comparison of the predictions from VMINTEQ with the Di Toro BLM Parameters to 
observed toxicity is presented to support whether the more complex VMINTEQ model 
increases the accuracy of the model predictions for Zn.  Since the Di Toro BLM Parameters 
in VMINTEQ are the same as in the BLM, differences would likely be a result of the 
additional site-specific parameters included in the VMINTEQ model, particularly the 
additional metals included as inputs.  
With this model, 5 of 11 (45%) of the predictions were within a factor of 2 of the 
observed LC50 (Figure 16).    These sites were Trail, L. Hanna. U. Topping, L. Topping in 
July, and L. Topping in August.  Only two additional sites (U. Sheep and B. Sheep) were 
included in the factor of 3.  The remaining four sites had toxicity under-predicted by factors 
of 8.5, 9, 12, and 22 (L. Beaver, L. Sheep, L. Onion, and L. Deep, respectively).  The 
VMINTEQ model for Zn does result in more predictions within a factor of 2 than the BLM 
when the three samples within a factor of 2.1 are not included in the BLM predictions.  
However, with the three samples being so close to the factor of 2 criteria in the BLM model 
and the VMINTEQ model with Di Toro BLM Parameters resulting in four samples which are 
greatly under-predicted, the BLM should be considered a better model than VMINTEQ with 
Di Toro BLM Parameters in these samples. 
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Figure 16. VMINTEQ (with Di Toro BLM Parameters) predicted toxicity for Zn compared with observed toxicity to D. magna.  
Solid symbols = ambient sample; Open symbols = Cu spiked samples; □ = samples from Washington; ∆ = samples from BC.  Center 
line (solid) indicates perfect agreement between predicted and observed toxicity.
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VMINTEQ Predictions with Heijerick BLM Parameters for Zn (Step 3b of Fig. 2) 
The accuracy of the VMINTEQ model for Zn was also assessed with the Heijerick BLM 
Parameters (Figure 17).  The result of this modeling scenario was that 3 of 11 (27%) of the 
samples were within a factor of 2 of the observed toxicity.  These samples were Trail, L. 
Topping in July, and L. Topping in August.  Four additional sites were included by 
increasing the criteria for accuracy to within a factor of 3.   As with the VMINTEQ model 
with Di Toro BLM Parameters, the four sites that were not within a factor of 3 were under-
predicted by factors of 10, 11, 13, and 24 (L. Beaver, L. Sheep, L. Onion, and L. Deep, 
respectively).   As with the VMINTEQ model with the Di Toro BLM Parameters, the degree 
of under-prediction in 36% of these samples should be carefully considered with respect to 
how these models would be applied.
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Figure 17. VMINTEQ (with Heijerick BLM Parameters) predicted toxicity for Zn compared with observed toxicity to D. magna.  
Solid symbols = ambient sample; Open symbols = Cu spiked samples; □ = samples from Washington; ∆ = samples from BC.  Center 
line (solid) indicates perfect agreement between predicted and observed toxicity.
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VMINTEQ Predictions with Surface Complexation Reactions for Zn (Step 3c of Figure 2) 
Using HFO and HMO as sorbents or HFO as the only sorbent, the VMINTEQ model with Di 
Toro BLM Parameters had the same samples within a factor of 2 and 3 as with the Di Toro 
BLM Parameters without surface complexation reactions.  The VMINTEQ model with 
Heijerick BLM Parameters also had the same samples within a factor of 2 or 3 as with the 
Heijerick BLM Parameters without surface complexation reactions.  More information is 
available about these results in Bollinger (2008), but for the purposes of this report the 
inclusion of surface complexation reactions to HFO or HFO and HMO did not improve the 
accuracy of the model predictions for Zn in these samples. 
 
Water Characteristics Affecting Model Accuracy (Step 4) 
An assessment of the deviation ratios combined with the PCA Zn groupings provides insight 
into which site-specific water quality characteristics may affect the accuracy of one model 
over the other.  The deviation ratios, which show to what extent a model over or under-
predicts the observed toxicity, are included as Figure 18.   The deviation ratios are grouped 
according to PCA Zn Groups (Table 7 and Figure 13) and modeling scenario.  Deviation 
ratios for the VMINTEQ models with surface complexation reactions are in Bollinger 
(2008). 
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Figure 18. Deviation ratios (eq. 3 and 4) of predicted and observed toxicity arranged by PCA Zn Groups (Table 7).  Italicized site 
names are from Washington State and bold site names had toxicity in ambient samples.  Solid (black) line identifies predictions within 
a factor of 2 of observed toxicity and dashed (black) line identifies predictions within a factor of 3 of observed toxicity. A value < -1 
indicates that toxicity was under-predicted and a value > +1 indicates that toxicity was over-predicted.
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 All models produced Zn toxicity predictions in PCA Zn Groups 1 and 2 within a 
factor of 3.  Using the factor of 2 criteria, the VMINTEQ model with Di Toro BLM 
Parameters is the most accurate for PCA Zn Group 2 (66% of the samples meet the criteria) 
compared to the BLM (50%) and the VMINTEQ with Heijerick BLM Parameters (33%).  
Both of the VMINTEQ models meet the factor of 2 criteria for the PCA Zn Group 1 and the 
factor of 3 criteria for the PCA Zn Group 2.   The PCA Zn Groups 3 and 4 are best modeled 
with the BLM. Given the large deviation of predicted to observed toxicity with the 
VMINTEQ models in these PCA Groups (3 and 4), these VMINTEQ models would not be 
recommended for samples with similar characteristics (Figure 18).   
As with the copper discussion, despite a limited number of samples with observed 
toxicity in each PCA Zn Group, there are some tentative conclusions that can be made by 
looking at the characteristics that these samples shared.  The following summary of water 
quality characteristics is based on the PCA Zn groupings of all sites, including the unspiked 
samples (Table 7) and is summarized with Figures A-2 (Appendix A).  The common 
characteristic that the modeled samples in PCA Zn Groups 3 and 4 have are that these 
samples had the highest pH (8.6 to 9.1).  Both sites in PCA Zn Group 3 have DOC <0.5 
mg/L and among the highest alkalinity (58 – 75 mg/L as CaCO3).  PCA Zn Group 4 had 
relatively high Ca and Mg concentrations compared to Groups 2 and 3, with calculated 
hardness ranging from 78 – 135 mg/L.  This Group (4) also had high alkalinity (132 – 139 
mg/L as CaCO3) compared to Groups 2 and 3.  PCA Zn Group 2 had lower pH (7.6 – 8.6) 
and alkalinity (10 - 62 mg/L as CaCO3).  The lowest hardness (0.2 – 49 mg/L) were in this 
group, with the exception of L. Beaver and Trail (65 and 70 mg/L, respectively).  PCA Zn 
Group 1 had the highest SO42-, Ca, Mg, K, and Na, and the lowest pH (6.0).   
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Conclusions 
 
A summary of the accuracy of the model predictions are included as Tables 8 and 9 for Cu 
and Tables 10 and 11 for Zn.  The BLM and VMINTEQ models were validated with many of 
the samples tested in this independently collected dataset.  The Zn spiked sample predictions  
that did not fall within a factor of 2 or 3 should be noted.  Specifically, the VMINTEQ 
models were not accurate enough for Zn Groups 3 and 4, and the BLM was not accurate 
enough for Group 4. Deviation factors as large as 24 are well beyond an acceptable error 
level and the models could not, therefore, be validated for these samples.   
The use of the multivariate analysis (i.e. PCA) to determine what water quality 
characteristics influence the ability of the models to predict is a useful approach and should 
be further developed.  As presented here, the PCA does a good job of grouping sites based on 
water quality characteristics into meaningful groups as they relate to model accuracy.  It is 
important to note that the common water quality characteristics shared by PCA grouped sites 
as identified, are not necessarily the cause of whether or not the models produced accurate 
predictions for those Groups.  Site managers can use this information, however, as a 
framework to understand the limitations of the models based on the type of water quality a 
receiving body of water has and make informed decisions about when these models are 
acceptable to use.  To further enhance the usefulness of water quality characteristics as a 
screening tool for what models to use, the current dataset should be expanded using surface 
water samples from a range of sites in this region.  The characteristics that primarily 
influence model predictive abilities can then be more definitively defined and current 
conclusions refined.   
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Table 8. Copper deviation ratios within a factor of 2 and 3 by PCA Cu Groups. Symbols: X 
= no sites fall within either a factor of 2 or 3, †† = sites fall within a factor of 2, † = sites fall 
within a factor of 2 to 3. Numbers in parentheses equal the number of sites that are within 
those factors. Italicized site names are in Washington State.  Bold site names are sites with 
ambient toxicity. 
 
PCA Cu 
Group 1 
PCA Cu 
Group  2 
PCA Cu 
Group 3 
PCA Cu 
Group 4 
 
 
PCA Cu 
Group 5 
Model 
L. Topping 
(August) 
U. Topping               
L. Hanna 
U. Sheep 
 B. Sheep       
L. Sheep       
Trail                
L. Beaver 
L. Deep            
L. Onion 
BLM v2.1.2  X †† (1)           † (1) †† (1) 
† (3) 
X (1)        X (2) 
VMINTEQ  
(Di Toro BLM Parameter)  
Dissolved 
X † (1) X (1) 
†† (1)       
 
†† (1)       
† (1) 
X (2) 
X (2) 
VMINTEQ  
(De Schamphelaere BLM 
Parameter)  
Dissolved 
X X (2) X (1) †† (4)           †† (1)              † (1)        
 
 
Table 9. Copper deviation ratio ranges for each PCA Cu Group; (+) over-predicted; (-) 
under-predicted. Italicized site names are in Washington State.  Bold site names are sites with 
ambient toxicity. 
 
PCA Cu 
Group 1 
PCA Cu     
Group 2 
PCA Cu 
Group 3 
PCA Cu 
Group 4 
PCA Cu 
Group 5 
 Model 
L. 
Topping 
(August) 
U. Topping               
L. Hanna 
U. Sheep 
 
B. Sheep 
L. Sheep 
Trail 
L. Beaver 
L. Deep                   
L. Onion 
BLM v2.1.2 -4.14 -1.33 to -2.39 
 
-1.69 
 
+2.07 to +3.13 +4.51 to 
+7.15 
VMINTEQ               
(Di Toro BLM 
Parameter) 
Dissolved 
+4.38 +2.49 to +5.35 
 
-1.30  
 
+1.80 to +3.99 +3.45 to 
+6.28 
VMINTEQ 
 (De Schamphelaere 
BLM Parameter) 
Dissolved                    
-14.05 -3.62 to -3.90 
 
-6.39 
 
-1.11 to -1.77 +1.60 to 
+2.46 
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Table 10. Zinc deviation ratios within a factor of 2 and 3 by PCA Zn Group.  Symbols: X = 
no sites fall within either a factor of 2 or 3, †† = sites fall within a factor of 2, † = sites fall 
within a factor of 3. Numbers in parentheses equals the number of sites that are within those 
factors. Italicized site names are in Washington State.  Bold site names are sites with ambient 
toxicity. 
 
PCA Zn 
Group 1 
PCA  Zn 
Group 2 
PCA Zn 
Group 3 
PCA Zn 
Group 4 
Model 
L. Topping 
(August) 
L. Hanna                  
U. Topping                
L. Topping 
(July) 
U. Sheep 
B. Sheep                     
Trail 
L. Beaver 
L. Sheep 
 
L. Deep         
L. Onion 
BLM v2.1.2  † (1) 
†† (3) 
† (2)  
X (1)        
† (2) X (2) 
VMINTEQ  
(Di Toro BLM Parameter)               
Dissolved 
†† (1) 
†† (4) 
† (2) 
 
X (2) X (2) 
VMINTEQ                      
(Heijerick BLM Parameter) 
Dissolved 
†† (1) †† (2) † (4)         X (2) X (2) 
 
 
Table 11. Zinc deviation ratio ranges for each PCA Zn Group; (+) over-predicted; (-)  under-
predicted.  Italicized site names are in Washington State.  Bold site names are sites with 
ambient toxicity. 
 
PCA Zn 
Group 1 
PCA Zn 
Group 2 
PCA  Zn      
Group 3 
PCA Zn 
Group 4 
Model 
L. Topping 
(August) 
L. Hanna                     
U. Topping                
L. Topping 
(July) 
U. Sheep 
B. Sheep 
Trail 
L. Beaver 
L. Sheep 
  
 
L. Deep                
L. Onion 
BLM v2.1.2  -2.17 -1.29 to -3.07 -2.06 to -2.58 -3.56 to -5.02 
VMINTEQ 
(Di Toro BLM Parameter) 
Dissolved 
-1.95 -1.24 to -2.42 -8.48 to -9.29 -12.05 to -22.10 
VMINTEQ 
(Heijerick BLM Parameter) 
Dissolved 
-1.26 -1.86 to -2.68 -9.98 to -11.33 -12.75 to -24.06 
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Although there appeared to be a distinction between the Washington samples and the 
BC samples, particularly for the Cu samples with less toxicity (higher LC50s) in the 
Washington sites (Figures 9-11), the difference cannot be attributed to whether the samples 
were collected in BC or Washington.  The most likely explanation for this is that the 
underlying geology of the two areas contributes different types and amounts of ions to 
surface waters, which influence metal speciation and subsequent toxicity.   Further 
investigation of this would be relatively straightforward and may help direct future studies of 
this type in the Okanagan Highlands. 
Of final note, the ability of the models to accurately predict toxicity of one metal 
when multiple metals are present is unclear.  Since all sites tested in this study had ambient 
concentrations of other metals, further investigation of this data with respect to the effects of 
mixtures on model predictions is warranted and this analysis is on-going.  It is possible, for 
example, that Cu, which tends to be one of the more toxic metals (Di Toro et al., 2001) 
controls toxicity when it is present.  Samples with both Zn and Cu, therefore, would be 
expected to result in consistent under-predictions of toxicity when only Zn models are used 
since the more toxic metal (Cu) is not accounted for in the model.   The importance of this 
type of assessment is clear given that metals consistently exist as mixtures in the 
environment.  This need to consider mixtures as they influence model predictions does not 
negate the utility of the framework provided here as a management tool to assess what 
models to use for what types of water quality characteristics, but appropriate caution should 
be exercised since mixtures are not explicitly accounted for. 
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Table A- 1. Selected metal concentrations and calculated hardness in site samples. 
Sample Label 
Dissolved 
Al (mg/L) 
Dissolved 
B (mg/L) 
Dissolved 
Ba (mg/L) 
Dissolved 
Ca (mg/L) 
Dissolved 
Cd (µg/L) 
Dissolved 
Cu (µg/L) 
Dissolved 
Fe (mg/L) 
U. Columbia July 0.02 0.00 0.01 16.16 0.00 0.00 0.03 
U. Columbia August 0.02 0.00 0.02 15.98 0.00 0.00 0.00 
U. Columbia March 0.00 0.00 0.02 20.90 0.00 0.00 0.00 
Fort Sheppard Columbia July 0.00 0.10 0.01 16.54 0.00 0.00 0.01 
Fort Sheppard Columbia August 0.00 0.00 0.02 17.22 0.00 9.54 0.00 
Fort Sheppard Columbia March 0.00 0.00 0.02 21.90 0.00 0.00 0.00 
Boundary Columbia July 0.00 0.04 0.02 18.08 0.00 0.00 0.01 
Boundary Columbia August 0.02 0.09 0.03 16.72 0.00 0.00 0.01 
Boundary Columbia March 0.00 0.00 0.04 21.90 0.00 1.00 0.00 
U. Sheep July 0.00 0.00 0.01 32.70 2.00 0.00 0.02 
U. Sheep August 0.00 0.00 0.02 38.55 0.00 0.00 0.00 
U. Sheep March 0.00 0.00 0.01 34.90 0.00 0.00 0.00 
B. Sheep July 0.00 0.04 0.01 27.00 1.78 0.00 0.04 
B. Sheep August 0.02 0.06 0.03 37.88 2.06 0.00 0.01 
B. Sheep March 0.00 0.00 0.02 26.90 0.00 0.00 0.00 
L. Sheep July 0.00 0.05 0.01 21.29 2.27 0.00 0.14 
L. Sheep August 0.00 0.00 0.02 28.39 0.00 4.20 0.01 
L. Sheep March 0.00 0.00 0.01 17.90 0.00 0.00 0.01 
U. Beaver July 0.00 0.00 0.01 24.56 0.00 0.00 0.12 
U. Beaver August 0.00 0.00 0.02 32.22 1.93 0.00 0.11 
U. Beaver March 0.00 0.00 0.01 16.90 0.00 0.00 0.02 
L. Beaver July 0.00 0.00 0.01 33.15 1.67 0.00 0.08 
L. Beaver August 0.00 0.05 0.02 38.13 0.00 0.00 0.01 
L. Beaver March 0.00 0.00 0.01 22.90 0.00 0.00 0.02 
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Table A- 1 (cont.). Selected metal concentrations and calculated hardness in site samples. 
Sample Label 
Dissolved 
Al (mg/L) 
Dissolved 
B (mg/L) 
Dissolved 
Ba (mg/L) 
Dissolved 
Ca (mg/L) 
Dissolved 
Cd (µg/L) 
Dissolved 
Cu (µg/L) 
Dissolved 
Fe (mg/L) 
L. Hanna July 0.00 0.10 0.01 8.11 0.00 0.00 0.03 
L. Hanna August 0.00 0.04 0.04 18.16 1.80 0.00 0.00 
L. Hanna March 0.04 0.00 0.02 7.80 0.00 3.00 0.02 
U. Topping July 0.03 0.00 0.00 3.19 1.66 0.00 0.05 
U. Topping August 0.03 0.00 0.01 4.71 0.00 0.00 0.00 
U. Topping March 0.07 0.06 0.00 3.00 0.00 1.00 0.00 
L. Topping July 0.03 0.13 0.01 9.13 8.47 0.00 0.05 
L. Topping August 0.08 0.09 0.27 78.41 236.25 7.63 0.00 
L. Topping March 0.06 0.00 0.02 8.40 2.00 2.00 0.02 
Trail July 0.00 0.05 0.02 39.73 8.31 0.00 0.02 
Trail August 0.05 0.00 0.03 52.62 25.00 0.00 0.01 
Trail March 0.07 0.11 0.02 23.90 0.70 5.00 0.01 
U. Deep July 0.00 0.02 0.03 54.39 1.60 0.00 0.02 
U. Deep August 0.00 0.00 0.04 53.40 1.67 0.00 0.01 
U. Deep March 0.00 0.00 0.02 40.90 0.00 0.00 0.03 
L. Deep July 0.07 0.13 0.04 55.10 2.09 0.00 0.11 
L. Deep August 0.00 0.05 0.05 50.61 0.00 0.00 0.01 
L. Deep March 0.00 0.00 0.03 40.90 0.00 0.00 0.02 
U. Onion July 0.30 0.04 0.02 27.96 4.09 0.00 0.30 
U. Onion August 0.00 0.03 0.04 46.80 3.53 0.00 0.01 
U. Onion March 1.84 0.00 0.03 21.90 0.00 1.00 1.21 
L. Onion  0.08 0.05 0.02 18.25 0.00 0.00 0.16 
L Onion August 0.00 0.00 0.05 73.95 2.51 0.00 0.00 
L Onion March 0.08 0.08 0.03 37.90 0.00 0.00 0.04 
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Table A- 1 (cont.). Selected metal concentrations and calculated hardness in site samples. 
Sample Label 
Dissolved 
Mg (mg/L) 
Dissolved 
Mn (µg/L) 
Dissolved 
Mo (mg/L) 
Dissolved 
Ni (µg/L) 
Dissolved 
Zn  (µg/L) 
Hardness1 
(mg/L) 
U. Columbia July 4.27 1.84 0.00 0.00 0.00 57.96 
U. Columbia August 3.55 0.30 0.00 0.00 2.68 54.53 
U. Columbia March 4.50 0.00 0.01 0.00 0.00 70.71 
Fort Sheppard Columbia July 4.36 0.65 0.00 0.00 0.00 59.24 
Fort Sheppard Columbia August 3.82 0.45 0.00 0.00 8.24 58.72 
Fort Sheppard Columbia March 4.60 0.00 0.01 0.00 2.00 73.61 
Boundary Columbia July 4.90 0.00 0.00 3.80 2.28 65.33 
Boundary Columbia August 3.92 0.44 0.00 0.00 0.00 57.89 
Boundary Columbia March 4.90 0.00 0.01 0.00 1.00 74.85 
U. Sheep July 3.69 0.00 0.08 0.00 0.00 96.87 
U. Sheep August 3.92 0.00 0.07 0.00 3.22 112.38 
U. Sheep March 3.20 0.00 0.09 0.00 5.00 100.31 
B. Sheep July 6.48 2.82 0.00 1.73 0.00 94.08 
B. Sheep August 6.59 3.21 0.00 4.02 0.00 121.73 
B. Sheep March 5.20 5.80 0.01 0.00 0.00 88.57 
L. Sheep July 4.63 4.56 0.00 0.00 0.00 72.20 
L. Sheep August 5.75 0.40 0.00 0.00 5.95 94.56 
L. Sheep March 3.20 0.00 0.01 0.00 1.00 57.86 
U. Beaver July 2.70 14.77 0.00 0.00 0.00 72.45 
U. Beaver August 3.11 43.53 0.00 0.00 4.00 93.26 
U. Beaver March 1.60 0.80 0.01 0.00 0.00 48.78 
L. Beaver July 3.75 12.22 0.00 0.00 0.00 98.20 
L. Beaver August 4.11 1.56 0.00 0.00 0.00 112.13 
L. Beaver March 2.00 0.00 0.00 0.00 1.00 65.40 
 
1 Hardness calculated as 2.497 [Ca] + 4.118 [Mg] 
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Table A- 1 (cont.). Selected metal concentrations and calculated hardness in site samples. 
Sample Label 
Dissolved 
Mg (mg/L) 
Dissolved 
Mn (µg/L) 
Dissolved 
Mo (mg/L) 
Dissolved 
Ni (µg/L) 
Dissolved 
Zn  (µg/L) 
Hardness1 
(mg/L) 
L. Hanna July 1.86 0.27 0.00 0.00 0.00 27.92 
L. Hanna August 3.45 0.49 0.00 0.00 0.00 59.54 
L. Hanna March 1.30 0.00 0.00 0.00 22.00 24.82 
U. Topping July 0.70 0.00 0.00 0.00 0.00 10.85 
U. Topping August 0.92 0.33 0.00 0.00 4.47 15.57 
U. Topping March 0.60 0.00 0.00 0.00 0.00 9.95 
L. Topping July 2.27 107.15 0.00 0.00 504.04 32.16 
L. Topping August 23.26 2336.83 0.00 26.10 15566.07 291.57 
L. Topping March 1.50 11.70 0.00 0.00 99.00 27.14 
Trail July 5.79 37.09 0.00 1.81 140.71 123.06 
Trail August 9.45 152.37 0.00 5.46 331.55 170.31 
Trail March 2.60 2.30 0.01 0.00 65.00 70.37 
U. Deep July 14.09 5.05 0.00 0.00 0.00 193.84 
U. Deep August 13.39 4.73 0.00 2.85 1.07 188.49 
U. Deep March 7.60 2.90 0.01 0.00 1.00 133.41 
L. Deep July 14.55 6.41 0.00 0.00 0.00 197.48 
L. Deep August 13.86 1.29 0.00 0.00 0.00 183.42 
L. Deep March 8.00 0.00 0.01 0.00 0.00 135.06 
U. Onion July 9.90 15.88 0.00 3.51 0.00 110.58 
U. Onion August 20.20 2.53 0.00 0.00 0.00 200.03 
U. Onion March 5.70 6.80 0.01 0.00 5.00 78.14 
L. Onion  4.96 14.62 0.00 0.00 0.00 65.96 
L Onion August 25.93 1.28 0.01 0.00 0.00 291.45 
L Onion March 9.10 0.00 0.01 0.00 7.00 132.10 
 
1 Hardness calculated as 2.497 [Ca] + 4.118 [Mg]
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Figure A-1. Mean values of selected water quality measurements grouped by PCA Cu Group 
(Table 6).  Open circles represent individual measurements. 
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Figure A-1 cont. Mean values of selected water quality measurements grouped by PCA Cu 
Group (Table 6).  Open circles represent individual measurements. * DOC measurements 
that were BDL were assigned a value equal to the detection limit (0.5 mg/L) for these 
calculations.  DOC and sulfate concentrations from filtered water samples. 
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Figure A-1 cont. Mean values of selected water quality measurements grouped by PCA Cu 
Group (Table 6).  Open circles represent individual measurements. Si as dissolved 
concentrations. 
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Figure A-1 cont. Mean values of selected water quality measurements grouped by PCA Cu 
Group (Table 6).  Open circles represent individual measurements. Na and K as dissolved 
concentrations. 
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Figure A-2. Mean values of selected water quality measurements grouped by PCA Zn Group 
(Table 7).  Open circles represent individual measurements. 
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Figure A-2 cont. Mean values of selected water quality measurements grouped by PCA Zn 
Group (Table 7).  Open circles represent individual measurements. * DOC measurements 
that were BDL were assigned a value equal to the detection limit (0.5 mg/L) for these 
calculations.  DOC and sulfate concentrations from filtered water samples. 
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Figure A-2 cont. Mean values of selected water quality measurements grouped by PCA Zn 
Group (Table 7).  Open circles represent individual measurements.  Si as dissolved 
concentrations. 
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Figure A-2 cont. Mean values of selected water quality measurements grouped by PCA Zn 
Group (Table 7).  Open circles represent individual measurements. Na and K as dissolved 
concentrations.
 
 
  
 
 
 
 
 
 
Appendix B: PCA Component Loadings 
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Figure B- 1. Loading plot for Cu corresponding to the principal component plot of Figure 7.   
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Figure B- 2. Loading plot for Zn corresponding to the principal component plot of Figure 13.   
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Table B-1.  Eigenvectors of the first three principal components from PCA of water quality 
using Cu as one of the variables. 
 
  
Loading PC 
I 
Loading PC 
II 
Loading PC 
III 
  
Cu LC50 0.0679 0.0960 0.5040   
Alkalinity 0.0435 0.4438 -0.3968 complex 
SO4 -0.3463 -0.1210 -0.0128   
pH 0.2545 0.3342 -0.2121   
Ca -0.3014 0.1355 -0.3095 complex 
Mg -0.3385 0.0860 -0.1631   
Na -0.3488 -0.0404 0.0302   
K -0.3496 0.0276 0.0518   
Ba -0.3507 -0.0896 -0.0116   
Si -0.2099 0.3238 0.3739 complex 
Zn -0.3426 -0.1446 -0.0118   
Fe -0.0421 0.3480 0.5192 complex 
HFO -0.0042 0.5381 -0.0865   
HMO -0.2708 0.3081 -0.0169   
 
 
 
Table B-2.  Eigenvectors of the first three principal components from PCA of water quality 
using Zn toxicity as one of the variables. 
 
  
Loading PC 
I 
Loading PC 
II 
Loading PC 
III 
  
Zn LC50 0.2325 0.1131 -0.3209   
Alkalinity -0.0435 -0.4410 -0.4413 complex 
SO4 0.3391 0.1084 0.0127   
pH -0.2492 -0.3264 -0.2127   
Ca 0.2951 -0.1467 -0.3108   
Mg 0.3308 -0.0967 -0.1653   
Na 0.3411 0.0298 0.0471   
K 0.3411 -0.0383 0.0788   
Ba 0.3430 0.0779 -0.0008   
Si 0.1981 -0.3276 0.4193 complex 
Zn 0.3354 0.1327 -0.0010   
Fe 0.0310 -0.3481 0.5824 complex 
HFO -0.0026 -0.5371 -0.0971   
HMO 0.2596 -0.3172 0.0031   
 
